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Integration of Simple Sequence Repeat DNA Markers into a Soybean Linkage Map

Mahinur S. Akkaya, Randy C. Shoemaker, James E. Specht, Arvind A. Bhagwat, and Perry B. Cregan*

ABSTRACT

A total of 40 simple sequence repeat (SSR) or microsatellite DNA
markers were mapped in a soybean [Glycine max (L.) Merrilll mapping
population that consisted of 60 F; plants from a cross between near
isogenic lines of the cultivars Clark and Harosoy. The first objective
of study was to determine the map location of SSK loci in relation to
13 classical loci controlling pigmentation and morphological traits,
seven isozyme loci, and a total of 118 RFLFP and RAPD markers.
The second objective was to determine if the microsatellite loci were
randomly distributed in the soybean genome. Linkage analysis with
MAPMAKER 3.0b yielded 29 linkage groups with a total map length
of 1486 centimorgans (¢M). This compares with a map length of 1056
¢M if the SSR markers were removed from the data set. Thirty-four
of the microsatellite loci were placed in linkage groups. SSR loci were
linked to loci controlling nine of the 13 classical traits, and two of
seven isozyme loci. Eighteen of the 29 linkage groups contained at
least one SSR locus. While this result suggested that the microsatellite
loci were randomly distributed throughout the soybean genome, two
clusters of five and four SSR loci, spanning 23.4 and 33.6 ¢M, respec-
tively, were detected. These results indicated a relatively limited
amount of clustering of soybean SSR loci, and demonstrated that
microsatellite genetic markers should provide an excellent complement
to RFLP and RAPD markers for use in soybean molecular biology,
genetics, and breeding research. Because SSR markers detect only
single genetic loci and are highly polymorphic, they can be extremely
informative in pedigree tracing studies, in the analysis of progeny
from multiparent matings, in a wide range of mapping applications,
and in genotype identification.

GENETI(‘ LINKAGE MAPS serve the plant geneticist in
a number of ways from marker assisted selection
in plant improvement to map based cloning in molecular
genetic research. Thus, in a widely studied and economi-
cally important species such as soybean [Glycine max
(L.) Merrill], a well developed and broadly useful linkage
map would be a valuable resource. Ideally, such a map
should include many classical markers with discernable
phenotypic effects, isozyme markers, as well as a large
number of highly informative DNA markers evenly
spaced throughout the genome.

Using a mapping population derived from an interspe-
cific G. max % G. soja Siebold & Zuce. cross, Shoemaker
and Olson (1993) developed a molecular genetic linkage
map that consisted of about 365 RFLP (Restriction Frag-
ment Length Polymorphism), 11 RAPD (Random Ampli-
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fied Polymorphic DNA), and only three classical and four
isozyme loci. In contrast, the current soybean classical
linkage map consists of 63 loci in 19 small linkage groups
of a few loci each (Palmer and Hedges, 1993). Because
of the almost complete lack of common markers between
the molecular and classical maps, map integration has
not been possible. The beginning of the integration of
the various marker types into a common linkage map
was only recently initiated (Shoemaker and Specht, 1995)
with a soybean mapping population that resulted from
a cross between specially constructed near-isogenic lines
of the cultivars Clark and Harosoy. In their recent work,
Shoemaker and Specht (1995) attempted to create a link-
age map using 13 classical and seven isozyme loci along
with 110 RFLP and eight RAPD markers. Their goal
was to integrate classical and molecular markers into a
common map. These authors used RFLP probes, restric-
tion enzymes, and segregating DNA bands in the Clark
x Harosoy mapping population that had previously been
mapped in the G. max X G. soja population (Shoemaker
and Olson, 1993). This produced a set of RFLP loci
that were directly comparable in the Clark X Harosoy
and the G. max x G. soja mapping populations. With
this strategy, some progress was made in associating
molecular and classical markers. For example, because
of common RFLP loci, two small linkage groups in the
Clark X Harosoy map that contained the L/ and Dt/ loci
were shown to be homologous with Molecular Linkage
Group | (MLG-1). Because LI and Dtl were present in
Classical Linkage Group 05 (CLG-05) and were linked
to isozyme markers Pgdl and Pgil the position of these
isozyme loci in MLG-1 could also be inferred. In like
manner, Shoemaker and Specht (1995) were able to
assign a number of CLGs to their homologous MLGs.
Two characteristics of RFLP markers in soybean tend
to complicate the task of consolidating linkage maps
from different mapping populations. First, only rarely
have more than two alleles been identified at RFLP
loci in soybean. Because these alleles generally have
asymmetric frequencies, e.g., p > 0.9, q < 0.1 (Keim
et al., 1989; Keim et al.,1992), the likelihood that any
two genotypes will be polymorphic at a particular RFLP
locus is relatively low. This is particularly true when
the mapping population is created from adapted soybean
germplasm (Apuya et al., 1988: Lark et al., 1993). In
the case of the work reported by Shoemaker and Specht
(1995) only 118 of 365 RFLP markers reported to be

Abbreviations: bp, base pairs; CLG . classical linkage group; cM, centi-
morgan; MLG, moleular linkage group; NIL, near isogenic line; PCR,
polymerase chain reaction; RAPD, random amplified polymorphic DNA:
RFLP, restriction fragment length polymorphism: SSR, simple sequence
repeat.
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polymorphic in the G. max X G. soja population were
found to be segregating in the Clark x Harosoy mapping
population. Thus, a particular polymorphic fragment that
can be mapped in one population may not be segregating
in another. A second factor that complicates the use of
RFLP in soybean is the multiple DNA banding patterns
detected with most probes. This may be the result of
the tetraploid origin of soybean (Hymowitz and Singh,
1987). Because one band in a multiple banding pattern
may segregate in one population and a different or an
additional band in another, one must define an RFLP
locus not only by the probe and restriction enzyme being
used, but also by the molecular weight of the segregating
band(s). Up to nine independent loci have been mapped
by specific RFLP probes (Lark et al., 1993; Shoemaker
etal., 1992). Thus, when comparing RFLP linkage maps,
one must be aware of not only the probe being used,
but also the restriction enzyme and the particular frag-
ment being mapped. These various considerations have
increased the difficulty in the use of RFLP markers for
comparing linkage maps derived from different soybean
mapping populations.

One possible solution to this complexity is the use of
an alternative DNA marker system. Simple sequence
repeat (SSR) or microsatellite DNA markers are now in
common use in human and other mammalian genetics
(Murray et al., 1994; Dietrich et al., 1994). A SSR is
composed of tandemly repeated two to five nucleotide
DNA core sequences such as (CA),, (ATT),, or
(AGAT),. The DNA sequences flanking microsatellites
are generally conserved within individuals of the same
species, allowing the selection of polymerase chain reac
tion (PCR) primers that will amplify the intervening SSR
in all genotypes. Variation in the number of tandem
repeats, n, results in different PCR product lengths (We-
ber and May, 1989: Litt and Luty, 1989; Tautz. 1989).

Microsatellite markers are being developed in a num-
ber of plant species including maize (Zea mays L. , Senior
and Heun, 1993), brassica (Brassica spp., Lagercrantz et
al., 1993), wheat (Triticum aestivum .., Devos et al.,
1994), grape (Vitis spp.. Thomas and Scott, 1993), barley
(Hordeum vulgaris L., Saghai-Maroof et al., 1994), rice
(Oryza sativa 1., Wu and Tanksley, 1993: Zhao and
Kochert, 1993), sunflower (Helianthus annuus L., Bru-
nel, 1994), avocado (Persea americana M., Lavi et al.,
1995), and Arabidopsis thaliana (L..) Heynh. (Bell and
Ecker, 1994). In soybean, Akkaya et al. (1992) and
Morgante and Olivieri (1993) demonstrated that SSRs
were present and exhibited high levels of length polymor-
phism. More recently reports in soybean (Cregan et al.,
1994a; Jiang et al., 1995) have described microsatellite
loci with as many as 26 alleles. This high level of allelic
diversity makes it likely that a particular locus will be
polymorphic in multi-parent populations and even in
two-parent populations derived from the hybridization
of adapted soybean genotypes. Another virtue of SSR
markers is their simplicity. In the development of these
markers. care is taken to select PCR primers that produce
one amplification product in an inbred soybean genotype
(Cregan et al. 1994b). Primer sets producing more than
one product are discarded. Thus, the difficulty of the

genetic interpretation of multiple banding patterns is
eliminated.

The goal of our research group is to develop and map
between 250 and 300 SSR loci in soybean. The objective
of this report is to summarize the results obtained from
the first 40 microsatellite loci developed as a result of
this effort, to demonstrate the integration of SSR DNA
markers into the linkage map developed from the Clark
X Harosoy mapping population reported by Shoemaker
and Specht (1995), and to assess the randomness of the
distribution of the SSR markers in the resulting linkage
map.

MATERIALS AND METHODS
Development of Simple Sequence Repeat Markers

Selection of SSR-containing Sequences from GenBank

Soybean sequences available in GenBank were searched for
the presence of all possible mono-, di-, and trinucleotide SSRs.
Only those microsatellites with a minimum length of 20 bp
(e.g., 10 repeat units in the case of dinucleotide SSRs) were
selected.

Selection of Microsatellite-Containing Clones
from a Genomic Soybean DNA Library

Soybean DNA (cv. Williams) fragments of 400 to 600 bp in
length, obtained by digestion with various restriction enzymes
were cloned into pBluescript I1 KS* (Stratagene, LaJolla, CA)'
and used to transform Escherichia coli X1.1-Blue. The library
was screened by colony hybridization (Sambrook et al., 1989).
Filters were hybridized to *P-labeled oligonucleotide probes
(oligo-CT, oligo-AT, and oligo-ATT) and exposed to X-ray
film. Positive clones identified in the first screening were
purified and screened again with the appropriate SSR-
containing oligonucleotide probe to venfy the presence of
the microsatellite. For a more detailed description of these
procedures see Cregan et al. (1994b).

The sequence of clones producing positive hybridization
signals was determined. Plasmid DNA of sequencing quality
was obtained with the QIAwell-8 Plasmid Kit (Qiagen Inc.,
Chatsworth, CA). Sequencing with an Applied Biosystems
International 370A DNA Sequencer (ABI, Foster City, CA)
was from both the KS and SK primer sites of pBluescript using
the Tag Dye Deoxy Terminator Cycle Sequencing Kit (ABI).

Selection and Preparation of PCR Primers to SSR Loci

Primers were selected using DesignerPCR (Research Genet-
ics, Huntsville, AL). In all cases, the thermal melting point
(Tm) of primers was 53.5 + 1.0°C. The Tm was necessarily
rather low because of the very low G-C content of many of
the target sequences. The selection of nearly identical Tm
values for all primers was purposeful: it allowed the use of a
standard set of PCR amplification conditions for all loci. Prim-
ers were synthesized on a 391 DNA Synthesizer, PCR-MATE
(ABI).

! Mention of a trademark or proprietary product does not constitute a
guaranice or warranty and does not imply its approval over other products
that may be suitable.
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Soybean Genetic Material and DNA Isolation

A cross was made between near isogenic lines (NIL) of the
soybean cultivars Clark and Harosoy to create a mapping
population in which a total of 13 classical and seven isozyme
loci were segregating (Shoemaker and Specht. 1995). The
phenotypes of each of 60 F. plants were characterized for each
of these traits as well as for 110 RFLP and eight RAPD
markers as described by Shoemaker and Specht (1995).

A sample of DNA representative of each F, plant was
obtained by compositing one leaf from each of about 40 F;
plants in a given Fr-derived F; plant row. DNA was isolated
with a standard CTAB (hexadecylatrimethylammonium bro-
mide) procedure (Keim et al., 1988).

Polymerase Chain Reaction Conditions and PCR
Product Separation

Reaction mixes contained 30 ng of soybean genomic DNA,
1.5 mM Mg**, 0.15 uM of 3" and 5" end primers, 200 pM of
each nucleotide, 0.1 pL of 3000 Ci/mmol a-"PdATP (10.0
uCi/uL), 1x PCR Buffer containing 50 mM KCl, 10 mM
Tris-HCI pH 9.0, 0.1% Triton X-100, and 1 unit Tag DNA
polymerase in a total volume of 10 pL. Cycling consisted of
a 25-s denaturation at 94°C, 25-s annealing at 47°C, and 25-s
extension at 68°C for 32 cycles on a MJ Research model
PTC-100 thermocycler (MJ Research, Inc., Watertown, MA).
PCR products (3 pl/lane) were separated on a standard DNA
sequencing gel containing 6% polyacrylamide, 8 M urea, and
| x TBE, at 60 W constant power for 2 to 3 h. Following
drying, gels were exposed to X-ray film.

In a number of instances, when the size difference between
DNA amplification products of the two alleles at an SSR locus
was greater than 8 to 10 bp in length, a 2% agarose + Synergel
(Diversified Biotech, West Roxbury, MA) horizontal gel with
ethidium bromide incorporated in the gel was used instead of
a sequencing gel. In these instances, the PCR reaction mixes
had a total volume of 30 pl.. and the concentrations of the
reactants and the cycling conditions were identical to those
described above, except that no a-“PdATP was used in the
reaction mix.

Genetic Mapping

In an initial evaluation, each primer set was tested on the
Clark and Harosoy NIL parents of the mapping population,
Those primer pairs that produced single PCR products that
differed in size in the Clark and Harosoy NIL parents were
then used to determine the genotype of each of the 60 F; plants
in the mapping population.

The total of 40 SSR loci were characterized as described
above. Goodness of fit to a 1:2:1 model was tested for each
locus using %*. The computer program MAPMAKER 3.0b
(Lander et al. 1987) was used to order the 40 microsatellite
loci with respect to each other and the 110 RFLP, eight RAPD,
13 classical, and seven isozyme loci with a LOD score of 3.0
as the threshold value for the declaration of linkage in the
pairwise loci analysis.

Assessment of the Randomness of Distribution
of SSR Loci

In order to obtain an estimate of the randomness of distribu-
tion of the 40 SSR loci, a predicted distribution was calculated
assuming markers would follow a Poisson distribution (Sokal
and Rohlf. 1981). It was further assumed that (i) the total
length of the soybean linkage map is 3000 cM as estimated

by Shoemaker and Olson (1993), and (ii) that any randomly
placed marker had an equal chance of falling into one of 60
(3000/50) linkage groups because @ maximum distance of 50
¢M between loci was used to detect linkage in the MAPMAKER
3.0b analysis. Based on these assumptions, the number of
linkage groups expected to contain 0, 1, 2, 3, .... 40 markers
was calculated. The observed number of groups in each class,
versus the expected, was used to calculate a %’ value to test
for deviation from randomness. Because the expectation in
groups containing from four to 40 markers was less than 1,
these groups were pooled with the group containing three
markers, thereby producing a 3° with three degrees of freedom
rather than 40 (Steel and Torrie, 1980).

RESULTS AND DISCUSSION

The 40 soybean SSR loci and the primers used in their
amplification are listed in Table 1. The core motif of
each locus with a “BARC” prefix is indicated in the name
of the locus, i.e., BARC-Satl and BARC-Sct28 have
(AT), and (CT), cores, respectively. For purposes of
brevity, these loci are subsequently referred to by their
suffix alone. Most of the 40 loci have (AT), or (ATT),
core motifs. The exceptions are the two loci with (CT),,
one with (T),, one with (A),, and one with (CTT), core
repeats. The test for goodness-of-fittoa 1:2:1 F» segrega-
tion ratio generated a significant ¥* (P < 0.05) at the
Set28 and Satt22 loci. However, neither locus had a
significant lack of fit at the 1% level of probability.

The linkage analysis of the 40 microsatellite, 110
RFLP, eight RAPD, seven pigmentation, six morpholog-
ical, and seven isozyme loci using MAPMAKER 3.0b
produced a genetic map that consisted of 29 linkage
groups with a total length of 1486 ¢M. The previous
report of Shoemaker and Specht (1995) in which the
same RFLP, RAPD. classical, and isozyme markers
were mapped produced a genetic map with 26 linkage
groups and a total length of 1056 ¢cM (LOD = 3). Thus,
the addition of 40 SSR markers increased the defined
map length by almost 40%. However, the G. max X
G. soja map (Shoemaker and Olson, 1993) includes
almost 365 RFLP and RAPD loci, with a total recombina-
tional distance of about 3000 ¢M. in 20 linkage groups.
Thus, the current G. max ¥ G. max map presented here
is still in its infancy.

Thirty-four of the 40 SSR loci were placed in 18
different linkage groups (Table 2) while six loci (15%)
remained unlinked. A slightly larger percentage. (20.3%)
of the 110 RFLP loci were found to be unlinked. Nine
linkage groups contained one SSR locus. Six different
linkage groups contained two SSR loci, one linkage
group included three, and another group contained four.
Linkage Group 13 was of interest because it contained
a total of nine markers, six of which were SSRs. Microsa-
tellite loci were determined to be linked to loci controlling
five of the seven pigmentation traits, four of the six
morphological traits and three of the seven isozymes
segregating in the Clark x Harosoy mapping population.
The addition of the SSR markers was helpful in consol-
idating what had previously been small linkage groups
containing two or three loci in the map reported by
Shoemaker and Specht (1995). For example, linkage
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Table 1. Forty simple sequence repeat soybean loci mapped in the Clark x Harosoy soybean mapping population, the SSR core motif,
and the 5’ end (sense) and 3’ end (anti-sense) polymerase chain reaction primers sequences to each. All primer sequences are given

in the 5’ to 3’ direction.

Locus Core motif 5' end primer (sense) 3" end primer (anti-sense)
SoyABABT (AT} caaacataaaaaaggtgaga gaacgcacactaatattatt
SoyHSP1767 (AT)s tittgtitaagttactgtactgt getagictictacaaccttcta
SoyGPATRY (CTT)L.CCTCT(CTT), ggaagaaagtattggicigt aggagagagiggagagatta
GMGLPSI2§ (The ttcgaagcattcaagg aaaagacaaaaacatactataaaa
SoyPRP1# (ATT)ss cgtgccaaattacatea tgatgggaacaagtacataa
SoyLBCH (AT)z glggtitcagtgagtgate aaggiggagatgaactca
GMRUBPY (Adzg ctgpegtgctaanagta ggacagatttgatcaataatt
BARC-Satli (AT gatacgaccaaaaattgtt aactgcgaagatactacee
BARC-Sat3} (AT tgatttitggtgtagaacte acctcattcgattggttaaac
BARC-5at9% (TA)= cacacgtattgicttaccac ctccgagaageacgta
BARC-Sat20} (AT)s aaappagtagpatgtaagaga caaaccaccagtgace
BARC-Sat22% (AThs gectitictigactgitaa cagtgactaaaacttactat
BARC-Sat33j (AT geagatatttaatececteace atcteggagapaaagaaatcge
BARC-Satd63 (TA)e actecaagtttittttgtit geagttagaggaagagaaca
BARC-Sat3g% (AT, cltccaatttgagactetta gtteititaacaacactcactt
BARC-Sat3of (AT)y caagaataatctaaaggtacactt Agitaaaaaacceacacaac
BARC-Sat42] (AT catagtaatgcetatttgcce titttaacagaccactatttt
BARC-Satd33 (AT ) cegteaalgaatattaaatia ttacgagtaggaaaataactaaa
BARC -Satd44} (AT, aaaaaatatitataggttacatgig ttaccactaagaattaggiciaa
BARC-Sct267 (AG)4 cgaaacgcaaaatcte aaaacgtatctgaagtagtpg
BARC-Sct28% (CTha tegeegptacaaaag cgaatgaacaaacaaaca
BARC-Sattlf (ATT) aaagtctilannagtgtgtctia ttaaaagaaaaatgcaacat
BARC-Satt2} (ATT)e tptgpptaaaatagataaaaat tcattttgaategttgaa
BARC-Satt6t (AT aaaccctttaaattcaaatt ttaaagegeataaacaatat
BARC -Satt5} (TAA), tatcctagagaagaactaaaaaa gtegattagpettgaaata
BARC-Satt9% (AAT)y, ceaacttgaaattactagag citactagegtattaacectt
BARC-Satt124 (ATThs geaattagttttaaaatgitic agaatagagcctacatataatcata
BARC-Satt14} (ATT) ttttttctcttcatgtity cccgtatageaaccaa
BARC-Satt20¢ (ATT) gagaaagaaatgtgttagtptaa cttttecttettatigtitga
BARC-Satt22} (TAA): tgtattttacctiaccttiga aactgecaccaatgac
BARC-Satt30f (TAA);: aaaaagtgtaaccaagec tettaaatettatgttgatge
BARC-Satt31f (AT, ttecactttgtatcacttte lgactgtaaaagaacagataaa
BARC-Satt42} (ATT)a gacttaatigetigetatga gtggtgcacactcactt
BARC-Satt45t (ATT)yy tpptttctactttctataattattt atgccteteectect
BARC-Satt46t (ATT) aaaalaactanaatgtettetea tiggtcagattattataagatty
BARC-Satt63 (ATT)y aaatgattaacaatgittatgat acttgcatcagttaataacaa
BARC-Satt70% (ACT)(ATT)z t ttaaaatactagaagacaac tgpcattagaaaatgataty
BARC-Satt72+ (TAA)N ggaaagaatcagcaanat cecccacataaataataaa
BARC-Satt77% (ATT)s gatctaaagictgatattittaacta aaaagpagaaggaatgc
BARC-Satt82# (ATThe aattcatttaggpgagttpat ctagccaatgtcatatgact

T SSR containing soybean loci retrieved from GenBank.

 The complete locus name includes the BARC prefix which is the acronym for Beltsville Agricultural Research Center. In the text, these loci are referred

to by the suffix alone.

Groups 1 and 16 (Shoemaker and Specht, 1995) were
combined into the current Group 1 with a total length
of 157.2 ¢M (Table 2). Likewise, the current Group 6
is composed of markers previously in Groups 6 and 25.
RFLP loci such as A199-1 and A605-1 and RAPD locus
OPA20 that were unlinked in the original report of
Shoemaker and Specht (1995) were placed in linkage
Group 13 along with the six SSR markers.

In general, the SSR loci appeared to be scattered across
the genome, except, as noted above, for two instances
(Table 2, Groups 13 and 18), where clusters of microsat-
ellite loci were detected. The cluster in Group 13 con-
tained the five loci SoyPRP1, Satt46, Sattl, Sat44, and
Sat43 that spanned a map distance of 23.4 ¢cM while in
Group 18 a cluster of four loci spanned a distance of
33.6 ¢cM. We were concerned, particularly in the case
of the cluster in Group 13, that these mapping data
suggested a non-random distribution of SSR loci in the
soybean genome. In humans, microsatellite markers
[mainly (CA), repeats] ranged in density from 0.28 mark-
ers per megabase on chromosome 21 to 0.75 markers
per megabase on chromosome 17 (Weissenbach et al.
1992). Other human geneticists have reported that SSRs
are generally distributed randomly throughout the human

genome (Deckeretal., 1992; Hudson et al.. 1992; Wilkie
et al., 1992). In mice, Dietrich et al. (1994) indicated
that the distribution of (CA), repeats was random except
in the case of the X chromosome.

The only relevant data for plant SSR markers were
provided by Bell and Ecker (1994) who mapped a total
of 30 microsatellites in Arabidopsis. They found that,
based upon their length, two of the five Arabidopsis
chromosomes had a smaller than expected number of
SSR loci. In addition, two clusters of four microsatellite
loci were noted. One spanned a distance of 9.6 ¢cM and
the other 5.6 cM. While SSR markers in Arabidopsis
appeared to deviate somewhat from a random distribu-
tion, Bell and Ecker (1994) concluded that a greater
number of markers would need to be mapped before a
definitive conclusion relative to their random or non-
random distribution could be reached.

When the distribution of soybean SSR markers in the
current map was compared with the expectation based
on a Poisson distribution, a significant deviation from
randomness was noted. However, 85% of the accumu-
lated y* was the result of the one cluster of five loci in
Linkage Group 13 (Table 2). The expected number of
linkage groups with 0, 1, 2, 3, and 4 markers was very
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Table 2. Linkage groups containing simple sequence repeat DNA loci in the Clark x Harosoy soybean mapping population detected

using MAPMAKER 3.0b.

Group Locus Distance  Group Locus Distance Group Locus Distance Group Locus Distance
cM cM cM cM
1 B219-2 6.3 6 A063-2 4.2 15 OPE142 3.8 23 K002-2 32.9
Pd1 15.5 L148-1 11 Sat39 e K002-1 37.4
D2 0.0 A635-1 4.0 3.8 SoyHSP176 13.5
D1 6.6 K011-3 8.5 Ko444 34
G 28.1 T 313 16 Satt30 17.0 K644-1 -
A702-2 36.7 AS538-1 0.0 GMRUBP 20.5 87.2
Sat36 243 P029-1 5.0 A020-2 -
Satt77 243 Sct28 7.0 37.5 24 SoyABAB 24.4
A691-1 39.5 AT48-1 - B162-1 12.3
B214-1 - 61.2 18 A519-1 7.5 Sat33 18.0
157.2 AS593-1 1.3 A280-1 13.5
7 E2 27.7 A516-1 11.8 Satt9 -
2 A668-1 9.2 Sat38 11.4 Satt63 243 68.3
Sat20 223 Pgml 29.3 Satt20 55
E014-2 2.0 SoyLBC = Satt70 38 26 ABle-1 18.8
P1 — 68.5 Sat9 331 Sart12 16.2
33.5 A584-2 - Al121-2 -
8 Satt6 1.8 87.3 34.9
3 Y9 2.1 Dtl 0.0
Ap61-2 6.8 Ad461-1 - 21 A664-1 17.8 28 Satl 8.2
AD69-2 40.7 1.8 B039-2 3.7 Satt82 8.5
Abde-1 0.0 GMGLPSI2 - K258-2 -
Ad54-2 42 12 Satt2 14.2 21.5 16.7
A656-1 10.6 Mdh 14.6
per2110 0.0 Sattl4 - 22 A065-2 6.5 29 Sat22 22.2
A598-2 31 28.8 A083-2 8.9 Satt31 -
Satt45 6.9 Satt42 0.0 222
RO13-1 4.7 13 SoyPRP1 1.8 K647-2 -
K274-2 2.6 Satt46 3.0 15.4 Unlinked RFLP Markers: A112-1,
A597-1 355 Sattl 7.8 A064-1, A404-3, B0O39-2, A256-3,
Al36-2 - Sat44 4.3 Unlinked Classical Markers: I, Pgi, K002-3, A085-1, A426-3, A586-3,
1443 OPA20 8.3 Idhi A664-1, AD60-1, A135-2, A124-2,
Sar43 27.4 Unlinked RAPD Markers: OPC-07, L050-3, A685-1, A703-2, B030-2,
A199-1 42.0 UBC-90, pcr2190 K401-3, K265-2, R183-2, T092-2
Satt5 24.0 Unlinked SSR Markers: Sct26,
A605-1 - Sat42, Sat3, Satt22, Satt72,
118.7 SoyGPATR

similar to the observed. Thus, it is reasonable to conclude
that with the one exception of the cluster in Linkage
Group 13, SSR markers appeared to be dispersed
throughout the soybean genome in a random fashion.
Clearly, further SSR loci will need to be identified and
mapped before the question of the randomness of their
distribution can be answered with certainty. However,
based upon the 40 loci included in this study, it does
not appear likely that clustering of SSR loci in soybean
will be a deterrent to the development of a microsatellite-
based linkage map covering most of the genome.

The broad distribution of SSR loci in the soybean
genome suggests that simple sequence repeats provide
a useful source of genetic markers to complement the
RFLP and RAPD markers now being used by geneticists
and breeders. The high level of polymorphism associated
with SSR markers makes it more likely that any given
locus will be polymorphic and. thus informative, in any
specific biparental population. This was demonstrated
by Jiang et al. (1995) who reported that, among a group
of 27 soybean cultivars, an average of more than seven
alleles was detected at seven different SSR loci. The
multiple allelism of SSR loci is also of great advantage
in pedigree analysis and in the analysis of multi-parent
intermating populations. Furthermore, microsatellite
markers avoid the difficulties of genetically dissecting
multiple-banding patterns with respect to the multiple
genetic loci that often occur with RFLP markers in

soybean. Because SSRs are selected as single-locus mark-
ers, they map to reproducible positions in the genome
without the complications associated with RFLP or
RAPD markers. As a result, SSR markers can be used
as dependable, comparable, and highly informative
points of reference across a wide range of soybean map-
ping and breeding populations.

One of the drawbacks to SSR markers is their cost of
development. However, once loci are defined, the primer
sequences are published, and the primers become avail-
able commercially at reasonable prices, their cost will
not be prohibitive. The detection of SSR alleles using
sequencing gels is often viewed as a difficulty. However,
while most of the SSR loci reported here were mapped
using sequencing gels, a number were mapped using
agarose gels. Other plant geneticists use agarose gels to
differentiate the amplification products of microsatellite
alleles (Bell and Ecker, 1994; Devos et al. 1994; Mor-
gante and Olivieri, 1993; Senior and Heun, 1993). In
addition, other techniques for the sizing of SSR alleles
are available or under development. These include the
non-radioactive sequential detection of alleles at as many
as 10 to 20 microsatellite loci in a single gel lane (Vignal
et al., 1993), fluorescent tagging and automated sizing
of SSR-containing PCR fragments (Ziegle et al., 1992),
and capillary electrophoresis using both single (Marino
et al., 1994) and multiple (Clark and Mathies, 1993)
channel systems for the high-speed separation and sizing
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of DNA fragments. In the near future, these and a number
of other technologies will offer a range of alternatives
for the detection and accurate sizing of SSR alleles. The
combination of numerous highly informative markers
that can be efficiently and relatively inexpensively de-
tected should promote the broader use and acceptance
of DNA markers in soybean genetics and plant breeding
research programs.
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